Abstract-Results of displacement damage correlation between neutrons, light ions and heavy ions in bipolar junction transistors are presented. Inverse gain degradation as the function of fluence was measured. The inverse gain degradation due to heavy ion irradiation followed the Messenger-Spratt equation, while some deviation was found for light ions.
I. INTRODUCTION

D
AMAGE equivalence between different kinds of particles has been studied for some time. A recent excellent review is given in [1] . Using various light ions and neutrons on silicon bipolar junction transistors, Summers et al. [2] showed that the damage ratio calculated from the Messenger-Spratt equation [3] scales with the Non-Ionizing Energy Loss (NIEL). The Messenger-Spratt equation holds for displacement damage and linearly relates the inverse gain degradation (D), defined by (1) , to the incident fluence (1) where and are the initial gain and the final gain respectively. Recently, there is a new demand to determine ion-toneutron damage equivalency since pulsed nuclear reactors producing high flux short neutron pulses are becoming less and less accessible. An alternative to pulsed neutron beams is to use a pulsed ion beam that produces the same displacement damage. The first step in this process is to establish the damage equivalency at late times, when the transistor gain is no longer changing. Most of the damage equivalency studies were done with light ions (protons to alphas) and there is very little data available for heavy ions. Warner et al. [4] reported results for damage equivalency between 2 MeV protons and 22 MeV silicon ions in GaAs solar cells. They concluded that the normalized photocurrent scaled with the displacement damage dose calculated from the NIEL for both ions. If the same damage equivalency can be established between heavy ions and neutrons, the neutron damage experiments can be simulated in a 
II. EXPERIMENTAL DETAILS
Single diffusion lot 2n2222 bipolar junction transistors from Microsemi were used in these experiments. 2n2222 devices were chosen for these experiments because they are a well-established technology with a considerable defect literature [6] , [7] . Furthermore, these devices are sensitive to displacement damage. The ion irradiations were performed at the IBL. The ion beam was focused to a size somewhat larger than the size of the transistor die ( mm ). The ion beam was pulsed using electrostatic deflection plates and a high voltage switch with rise and fall times of 150 ns.
Accurately knowing the incident fluence was of critical importance in these experiments. As a result, much time and effort was dedicated to determining the measured ion fluence. The fluence was determined by three components: beam area, pulse length and particle current.
To measure the beam area we captured a picture of the pulsed beam spot on a P47 phosphor film. This film has been chosen with the trade-off between adequate damage resistance and bright response to the incidence ions. By comparing the observed beam spot to a known scale, in our case a well defined TEM grid mounted on the sample holder, we were able to accurately determine the beam area. In addition, by using the phosphor film in an unsaturated state we were able to extract information regarding the beam profile and uniformity. As can be seen in Fig. 1 , a combined picture of the device and the beam spot, we were limited to a beam spot of mm . This resulted in a beam profile that has a "hot" spot due to the profile of the beam. In our current work we can observe no evidence for effects due to the non-uniformity of the beam spot (except to increase the uncertainty in the measured ion fluence). However, to aid in modeling the system the experimental setup is being modified to allow for a larger spot size while maintaining the necessary current density, which will allow us to use only the center section of the beam spot, thus greatly improving our uniformity.
To measure the pulse length and particle current we used either an Ortec 142A charge sensitive preamplifier or a Keithley 428 current amplifier measuring a current pulse into a faraday cup. The 142A was preferred for fast pulses with relatively low particle currents, while the 428 was used for pulses longer than 200 s. A typical signal from the 142A is shown in Fig. 2 . A series of shots at different pulse widths were taken and cross-calibrated to the Keithley 6512. A calibration between the output signal of the 142A/428 and the charge collected, shown in Fig. 3 , was the result. This calibration was then used to convert the succeeding amplifier signals into an integrated charge per shot. This method provided an accurate measurement of the pulse length and particle current as well as information on time variations of the ion current during the pulse. . Cross-calibration of the preamp signal to the integrated charge during an ion pulse. This calibration is then used to determine the particle current for each of the succeeding irradiation exposures.
We have developed the techniques of imaging the beam spot and cross-calibration of the amplifiers to accurately determine the fluence on our samples. This method, however, could not be used in-situ with the irradiation due to the limited beam size. To address this we automated the system so that we took and analyzed 100 shots directly prior to irradiating the device and 100 shots directly after irradiation. The total time between measurements and irradiation of the device can be as short as 1 s. The variation between these before and after shots was used to bound the expected variation of the device irradiation (inset Fig. 2) . By performing multiple exposures on different devices we were able to address both device-to-device as well as shot-to-shot variation.
In the ion beam experiments we used 3.9 MeV protons, 10 MeV, 28 MeV, 48 MeV Si ions, 12 MeV He, and 70 MeV I ions. We chose the 3.9 MeV protons because Summers reported results for this particular energy in [2] . The collector was kept at 10 V while the emitter current was either 0.22 or 7.7 mA. The 0.22 mA case corresponded to an emitter-base voltage of V (medium injection) while 7.7 mA was V (high injection). The pulse lengths varied from 1 s to 200 ms for the different ion beams. The maximum fluence for the 7.7 mA devices with an inverse gain degradation of 0.02 was the following: 3.9 MeV protons , 28 MeV Si , and 70 MeV I ions/cm respectively. For the 0.22 mA devices the inverse gain degradation was 0.2 and the maximum fluence was correspondingly much higher: 12 MeV He , 10 MeV Si , 28 MeV Si , and 48 MeV Si ions/cm . The currents of the transistor were monitored using current viewing resistors before, during, and after the shots. The voltages across the current viewing resistors were recorded with a Yokogawa DL750P oscilloscope-recorder. The circuit diagram for the ion irradiation experiment is shown in Fig. 4 with red lettering indicating the measurement points. The transistors were operated in constant emitter current mode, provided by a current limiting diode biased to V on the emitter leg. The base collector junction was reversed-biased with 10 V on the collector. The base leg was tied to ground over a relatively large resistor to ensure an accurate measure of the base current prior to the shot. The additional diode located on the base leg was used to ensure that during the shot the base-current junction remained reverse-biased despite the large photocurrent response.
The neutron irradiations were performed at LANSCE with a maximum 1 MeV equivalent neutron fluence of n/cm . The LINAC section generated protons of energies ranging from 250-800 MeV. The proton beams were stored in the proton storage ring. The proton rate supplied to the target can range from a single shot mode up to a 20 Hz operation. Approximately to protons were supplied per pulse with a 260 ns full width at base, 150 ns FWHM. Spallation neutrons were produced from 800 MeV protons incident on a target of tungsten. The irradiated devices were placed as close as possible to the surface of the target to maximize the neutron fluence per proton pulse. The devices were exposed to approximately neutrons/cm (1 MeV Si eq) and rad(Si) per pulse. The irradiated devices were enclosed in a RF-shielded test head and cables run through flexible conduit to reduce noise pickup. The operation of the transistors was typically monitored 10 s after a single proton pulse. For the LANSCE the circuit was modified by removing the diode from the base leg and using 50 resistors to ensure good impedance matching during the ns pulse.
III. RESULTS AND DISCUSSION
In Fig. 5 inset we plot the active transient response of the 2n2222 during irradiation with a 28 MeV Si ion beam. For the data shown the pulse length was 100 s with a measured fluence of ions/cm . During the pulse we observed a uniform decrease in the photocurrent response in both the collector and base leads due to damage in the device. Furthermore, we observed a large voltage response in both the measured diode voltage and the calculated emitter-base voltage during the pulse itself. The emitter current was constant, as expected, with the exception of immediately at the start of and at the end of the pulse. This was due to the fast photocurrent response during the pulse. Using the sum of the emitter, base, collector and shunt currents equaling zero as a test of the validation of the measurement we found that we can measure the device immediately after the pulse.
In both the ion and neutron irradiations, the gain of the transistor was determined from the collector and base currents continuously before and after the shot. The gain after the shot recovered in an exponential form as seen in Fig. 5 . In order to determine the late time gain we fitted the time dependent gain to an exponential form. The LANSCE gain values were measured at five minutes after the shot and were not fitted. According to the IBL fits this represented an approximate 5% error in the late time gain. While the data presented in this paper is primarily late time data, we are monitoring the transient behavior of the devices as seen in Fig. 5 inset. The inverse gain degradation will be compared for both neutron and ion irradiations.
From the inverse gain degradation as a function of ion fluence we calculate the damage factors for each particle using the Messenger-Spratt equation [3] : (2) where is the fluence, is from (1), and is a constant, the damage factor. Fig. 6 shows the inverse gain degradation as a function of fluence for Si ions with three different energies and a 12 MeV He irradiation (inset). All three Si curves follow the Messenger-Spratt equation and the damage factors are calculated by a linear fit to the data sets. The 12 MeV He shows a non-linear behavior. The non-linearity for He is attributed to the trapped charge in the passivation and field oxide layers. This effect is noticeable for He since the ionizing dose is significantly higher for the light ions than for the heavy ions at the same displacement damage level. Similar non-linear behavior is shown in [6] for 2n2907 transistors under 4.1 MeV electron irradiation as well as in [7] under proton irradiation. It is well known [2] that trapped charge due to ionization damage leads to a saturation of the inverse gain at large doses. Fig. 7 shows the inverse gain degradation as a function of total dose for these same Microsemi 2n2222 devices under a gamma irradiation. Therefore, we expect the inverse gain degradation for light ions to be non-linear at low fluence and to become linear at high fluence where the ionization effect saturates. In this high fluence limit we expect the inverse gain degradation to be dominated by displacement damage and therefore show linear behavior. We calculate the damage factor for the light ions by linear fit to the high fluence data. The damage factors for both the light and heavy ions are shown in Table I .
The damage factors from the linear fits for the ion irradiations are then scaled by the ratio of the ion to neutron damage factor. This allows for the conversion between the ion fluence and an equivalent 1 MeV neutron fluence. In Figs. 8 and 9 the inverse gain degradation as a function of the calculated 1 MeV neutron equivalent fluence is plotted. Fig. 8 shows the inverse gain degradation for the same three energies of Si as well as 12 MeV He for an emitter current of 0.22 mA (Fig. 6 re-plotted using the 1 MeV neutron equivalent fluence in place of the ion fluence on the x-axis). The Si data sets are linear with the 1 MeV neutron equivalent fluence while the He data shows super-linear behavior for low fluence and a linear response for high fluence. Fig. 9 shows a similar plot for 3.9 MeV H, 28 MeV Si and 70 MeV I with an emitter current of 7.7 mA. Again, the heavy ions show linear response, while the H irradiation shows a super-linear behavior at low fluence and linear response at high fluence, although the damage factor is dependent on the emitter current as seen in Table I . As discussed above the non-linear behavior for the light ion irradiations is attributed to trapped charge in the passivation and field oxide layers of the transistor. This implies that for light ions with a large ionization to displacement damage ratio, the low fluence inverse gain degradation is dominated by the ionization response and trapped charge, leading to a super-linear behavior when rescaled to a 1 MeV neutron equivalent fluence. For high fluence, where the ionization effect is saturated, the linear response is due to displacement damage which follows the Messenger-Spratt equation. This is supported by data from gamma irradiation on these same Microsemi 2n22222 devices (as discussed earlier).
While we have shown a method of determining a comparison between ion and neutron irradiated devices, the question remains whether we can use ion irradiation as a means of simulating neutron damage. This requires a method of extrapolating ion damage to neutron without the use of neutron irradiation. Following Summer et al. [2] we propose to use the NIEL as the conversion between heavy ion and neutron damage.
In general the NIEL approach is useful for light ions where the ions lose very little energy in the sensitive part of the device. In case of heavy ions, even at several tens of MeV energy, the energy of the ion significantly changes on a scale of a few microns and this limits the use of the NIEL concept as pointed out in [8] . The paper's conclusion is that due to several factors (such as finite range, straggling, and energy carried away by recoils) the NIEL approach is valid if the changes in the NIEL are small in the sensitive region of the device. This means that the applicability of the NIEL approach depends not only on the particle and energy, but also on the device and on the parameter The number of vacancies per atom, dpa, is then calculated and then converted to NIEL using the following expression: (3) where the displacement energy, , is taken to be 21 eV. In BJTs the gain degradation occurs because of the increased recombination in the base region of the transistor. 1D model simulations showed that the recombination occurs in a narrow region at the emitter base junction at low injection. Even at very high injection this region is confined within the base region which for this particular transistor is less than 2 m. The energy loss by Fig. 10 . Calculated NIEL as a function of depth in our 2n2222 device for several different ion beams. The NIEL is presented here in units of MeV-mbarn to aid in the comparison between ion beam and neutron data. To convert between the MeVcm /g to MeV-mbarn multiply by the bulk density, divide by the atomic density, and then convert cm to mbarn. the proton beam in the full length of the transistor is negligible; therefore, we do not expect a problem for this ion beam. Fig. 10 shows the NIEL value presented in units of MeV-mbarn to aid in the comparison between the ion beam and neutron data. The conversion from MeVcm /g to MeV-mbarn requires the user to multiply by the bulk density (2.3 g/cm ), then divide by the atomics density ( atoms/cm ) for Si and then convert cm into mbarn ( cm ). The base area is shown as a hashed rectangle. Since we used low emitter currents which correspond to medium injection levels we can calculate an average NIEL and compare ion and neutron values. Table I shows the calculated damage factors, their ratio to the LANSCE neutron damage factors, the NIEL (in MeV mbarn) calculated using SRIM-2003 and the NIEL ratio to the 1 MeV neutron NIEL from [10] for both 0.22 and 7.7 mA emitter current data. The factor for protons and He is calculated for the high fluence where the ionization effect is saturated. We find excellent agreement between the measured damage factor ratio and the calculated NIEL ratio for light to heavy ions over a broad range of energies. In comparison to the damage factor ratio measured by Summers [2] (11.3) our value for the 3.9 MeV protons differs slightly, but then so does our calculated NIEL. The damage factors scale with the calculated NIEL.
IV. CONCLUSION
We measured the inverse gain degradation of 2n2222 BJTs as the function of fluence using short pulsed light and heavy ion beams. The inverse gain degradation followed very well the Messenger-Spratt equation for heavy ions, but we found deviation from the linear behavior for light ions (proton/He) at low fluence. We attributed this deviation to trapped charge in the passivation and field oxide layers of the transistor due to relatively higher ionization dose for the light ions. The ratio of the damage factors for ion irradiation and the damage factor measured with LANSCE spallation neutrons was proportional to the theoretical NIEL ratios for ion to neutron irradiation. Further studies of the damage equivalency of heavy ion irradiation are planned using a wider variety of ions, energies, and devices.
